We report the first experimental demonstration of coherent population transfer, induced by stimulated Raman adiabatic passage, via continuum states. Population is transferred from the metastable state 2s 1 S 0 to the excited state 4s 1 S 0 in helium atoms in a two-photon process mediated by coherent interaction with the ionization continuum. While incoherent techniques usually do not permit any population transfer in such a process, we show that stimulated Raman adiabatic passage allows significant population transfer to take place also via ultrafast decay channels. DOI: 10.1103/PhysRevLett.95.103601 PACS numbers: 42.50.Hz, 32.80.Fb, 32.80.Qk, 42.65.Dr Coherent population transfer in a -type linkage scheme of purely bound states, induced by two laser pulses, i.e., the pump and Stokes laser, in a counterintuitive pulse sequence is a well established tool for manipulating population distributions in atomic and molecular media. The technique, known as stimulated Raman adiabatic passage (STIRAP), allows complete transfer of population from an initial to a target state by coherent interaction via an intermediate state [1] , with no population ever being stored in this state. Thus the probability of population transfer is not hindered by losses from the intermediate state. Early work with STIRAP dealt with discrete intermediate states. Since then there has been much interest in the possibility of using a continuum as the intermediary for the two links of STIRAP [2, 3] , as this would extend its already numerous applications [1] . It was shown that the coherence needed for successful implementation of STIRAP can be prepared in principle even in the presence of environments involving ultrafast decay channels, i.e., when the decay process occurs on a time scale much shorter than the interaction time. Conventional techniques for population transfer, e.g., stimulated emission pumping, usually cannot transfer any population via such a channel. Decay processes such as photoionization take place on such a short time scale that huge coupling strengths, i.e., laser intensities, were necessary, opening up additional loss channels. Only if ultrashort laser pulses with very large bandwidth are considered, redistribution of population between Rydberg states can be possible via Raman processes within the bandwidth of the driving laser pulse [4] . However, this effect is limited to population transfer between closely spaced Rydberg states and without control of selective excitation. In contrast, STIRAP permits selective population transfer and is not restricted to Rydberg states. Although STIRAP via discrete states is subject to a large number of experimental investigation, it has never been experimentally demonstrated via continuum states.
We report the first experimental demonstration of coherent population transfer, induced by stimulated Raman adiabatic passage, via continuum states. Population is transferred from the metastable state 2s 1 S 0 to the excited state 4s 1 S 0 in helium atoms in a two-photon process mediated by coherent interaction with the ionization continuum. While incoherent techniques usually do not permit any population transfer in such a process, we show that stimulated Raman adiabatic passage allows significant population transfer to take place also via ultrafast decay channels. DOI Coherent population transfer in a -type linkage scheme of purely bound states, induced by two laser pulses, i.e., the pump and Stokes laser, in a counterintuitive pulse sequence is a well established tool for manipulating population distributions in atomic and molecular media. The technique, known as stimulated Raman adiabatic passage (STIRAP), allows complete transfer of population from an initial to a target state by coherent interaction via an intermediate state [1] , with no population ever being stored in this state. Thus the probability of population transfer is not hindered by losses from the intermediate state. Early work with STIRAP dealt with discrete intermediate states. Since then there has been much interest in the possibility of using a continuum as the intermediary for the two links of STIRAP [2, 3] , as this would extend its already numerous applications [1] . It was shown that the coherence needed for successful implementation of STIRAP can be prepared in principle even in the presence of environments involving ultrafast decay channels, i.e., when the decay process occurs on a time scale much shorter than the interaction time. Conventional techniques for population transfer, e.g., stimulated emission pumping, usually cannot transfer any population via such a channel. Decay processes such as photoionization take place on such a short time scale that huge coupling strengths, i.e., laser intensities, were necessary, opening up additional loss channels. Only if ultrashort laser pulses with very large bandwidth are considered, redistribution of population between Rydberg states can be possible via Raman processes within the bandwidth of the driving laser pulse [4] . However, this effect is limited to population transfer between closely spaced Rydberg states and without control of selective excitation. In contrast, STIRAP permits selective population transfer and is not restricted to Rydberg states. Although STIRAP via discrete states is subject to a large number of experimental investigation, it has never been experimentally demonstrated via continuum states.
In treatments of incoherent excitations, fragmentation continua were usually considered as loss channels without coherence properties. However, if strong, coherent couplings between a continuum and a bound state are implemented, the properties of the continuum can be significantly modified. For example, it has been demonstrated in experiments on laser-induced continuum structure (LICS) that fragmentation cross sections are strongly enhanced or suppressed by quantum interference [5] [6] [7] [8] [9] .
Conventional work on LICS deals only with population losses to the continuum and trapping of population in the initial bound state; no population transfer occurs between the bound states. In the following we experimentally show that coherent population transfer by STIRAP is also possible in systems involving a continuum as intermediate state (compare Fig. 1 ). The metastable state 2s 1 S 0 in helium is coupled to the ionization continuum by the FIG. 1 (color online). Coupling scheme in helium atoms. The pump and the Stokes laser couple the initially populated state 2s 1 S 0 to the target state 4s 1 S 0 via the ionization continuum (solid lines). The pump laser can also ionize population transferred to the target state (dotted line). A possible Raman-type transition between the initial and the target state, mediated by off-resonant interaction to all other states in the system is also indicated (dash-dotted lines). pump laser. The ionization process generates slow photoelectrons with a kinetic energy of E kin 0:25 eV. The Stokes laser couples the initially unpopulated state 4s 1 S 0 to the ionization continuum in the same energy region as the pump laser. The pump laser can ionize state 4s 1 S 0 , generating fast photoelectrons with a kinetic energy of E kin 3:31 eV. Since the spontaneous emission lifetime of state 4s 1 S 0 is 80 ns, which is about an order of magnitude longer than the duration of the laser pulses, incoherent losses from state 4s 1 S 0 are mainly due to ionization by the pump laser.
The adiabatic elimination of the continuum and all offresonantly coupled bound states yields a time-dependent Schrödinger equation for the probability amplitudes C 1 and C 2 of the initially populated state 2s and the target state 4s . The (2 2) Hamiltonian reads [5] H ÿ 1 2 iÿ 2s;P 2 i q i q iÿ 4s;S ÿ 4s;P :
This equation includes the photoionization rates ÿ n;m of the states n 2s; 4s by the two lasers m P; S, the effective Rabi frequency ÿ 2s;P ÿ 4s;S p describing the coupling of the bound states via the continuum, dynamic Stark shifts S n;m , which are included in the two-photon detuning t, and the Fano parameter q [10] . The parameters ÿ n;m and S n;m are proportional to the laser intensities I m t. The diagonalization of the Hamiltonian (1) yields two eigenstates with different losses. If incoherent losses from state 4s due to pump laser-induced ionization are neglected, i.e., ÿ 4s;P 0, for a two-photon detuning t equal to dark t ÿ 2s;P t ÿ ÿ 4s;S t q 2 ;
the losses from one of these eigenstates, i.e., the dark state, are zero. This state is a coherent superposition solely of bound states: dark ÿ 4s;S ÿ 2s;P ÿ 4s;S s 2s ÿ ÿ 2s;P ÿ 2s;P ÿ 4s;S s 4s :
We see that the relative contribution of the bound states to the dark state depends on the ratio of the ionization rates ÿ 4s;S and ÿ 2s;P . For ÿ 2s;P ÿ 4s;S , it yields dark 2s . For ÿ 2s;P ÿ 4s;S , the dark state is dark 4s . Thus, when the pulses are applied in counterintuitive order, i.e., the Stokes pulse precedes the pump pulse, the dark state dark evolves from state 2s to state 4s . Provided the evolution is adiabatic, the system remains in the dark state dark at all times and the population is transferred completely to the target state 4s without any ionization losses.
Necessary conditions for a successful implementation of STIRAP via a continuum are similar to those in a system of purely bound states: adiabaticity, i.e., strong coupling, but slowly varying in time; maintenance of the dark resonance, i.e., appropriate and constant two-photon detuning during the transfer process; negligible losses from the dark state due to incoherent channels. While for transitions in most systems of purely bound states these conditions can be easily fulfilled, this is not the case for systems involving continuum states. High laser intensities are necessary to drive the coupling between a bound and a continuum state to fulfill the condition of adiabaticity. This condition can be written as ÿ 0 T 0 1 q 2 1, with a characteristic, e.g., the average, value ÿ 0 of the ionization rates and the interaction time T 0 , e.g., the pulse duration. The necessary high laser intensities will induce significant time-dependent dynamic Stark shifts of the levels. Therefore the twophoton detuning cannot follow the detuning dark t of the dark resonance during the interaction. The dark state becomes lossy. To reduce this problem, it was proposed to use a static detuning of the lasers from exact two-photon resonance in order to minimize the deviation from the dark resonance during the interaction time [3] .
In purely bound state systems, the pump laser couples the initial state only to the intermediate state. In contrast, when the intermediate state is a continuum, the pump laser couples the target state also to higher lying continuum states, i.e., ÿ 4s;P Þ 0. Therefore, even if the transfer process to the target state is successful, a significant part of the population will be subsequently ionized by the pump laser. Because the transition rates to higher continuum states are usually smaller than the transition rates to the lower states, these incoherent losses will not reduce the transfer efficiency to zero, provided the pump laser intensity is not too strong. The limits will be determined by the minimum intensity necessary to drive the STIRAP process and the maximum intensity by the onset of significant incoherent ionization losses [3] . In the following we present experimental data that demonstrate the successful implementation of STIRAP for coherent population transfer via the ionization continuum in metastable helium.
As discussed above, the losses due to ionization of the target state by the pump laser reduce the transfer probability. Nevertheless, the electron signal from this ionization process also provides a probe for the transfer efficiency. The adiabatic passage process takes place when both lasers temporally overlap. Thus incoherent ionization losses occur mainly in the falling portion of the pump laser pulse, when the Stokes laser is negligibly weak and the STIRAP process is already finished. This selectivity allows us to use the pump laser simultaneously as a probe laser, through utilization of an energy-selective photoelectron detector.
In our experiment a supersonic jet of helium atoms is expanded from a pulsed nozzle. The metastable state 2s 1 S 0 is populated in a seeded gas discharge (for details, see [11] ). The atomic beam is collimated by a skimmer. A static electric field removes any charged particles from the beam to permit a better signal-to-noise ratio. The beam of metastable helium atoms is intersected by the laser pulses in the interaction region of a time-of-flight spectrometer, which resolves the kinetic energy of the electrons (for details, see [9] ). The electrons are detected on a microsphere plate (El Mul Technologies). The pump and Stokes laser pulses, with Fourier-transform limited bandwidths, are generated as follows: The output of a single longitudinal mode continuous wave dye laser (Coherent 699, bandwidth 1 MHz) at a wavelength of 587 nm is used to seed a pulsed dye amplifier (PDA) (Spectra Physics PDA-1) which is pumped by the second harmonic frequency of a pulsed single longitudinal mode Nd:YAG laser (Spectra Physics GCR-3). The output of the PDA is frequency doubled to yield the pump pulse. The Stokes pulse is provided by the fundamental frequency of the Nd:YAG laser. The pulse durations of the Gaussian-shaped laser pulses are 2.3 ns (half-width at 1=e of peak intensity) for the pump pulse and 5.1 ns for the Stokes pulse. The linear polarizations of the laser pulses are parallel. The beams are focused to diameters of d P 500 m and d S 3:5 mm into the atomic beam, yielding peak intensities in the regime of several 10 MW=cm 2 . Figure 2 shows the measured electron signals at kinetic energies of E kin 0:25 eV (circles) and E kin 3:31 eV (triangles) versus the laser tuning of the pump laser in the region of the two-photon resonance between the states 2s 1 S 0 and 4s 1 S 0 . The pulse delay is ÿ7:5 ns (Stokes laser preceding pump laser pulse). The signals monitor the population in the initial and target state. In both channels a sharp resonance (width ! ' 0:3 GHz) is observed. The signal from the slow electrons shows a pronounced asymmetric Beutler-Fano line profile [10] , with both slight enhancement of the ionization rate as well as significant suppression. The latter indicates population trapping in a dark state (3), which already clearly proves coherent interaction via the continuum. Also the signal from the fast electrons shows a slight asymmetry. The probability of the population transfer, i.e., the fast electron signal, is maximized when the population in the ground state, i.e., the slow electron signal, approaches the minimum at the dark resonance. Hence, these data clearly prove population transfer from state 2s 1 S 0 to the target state 4s 1 S 0 . Figure 2 also depicts results of numerical simulations, based on the Hamiltonian (1), including atomic parameters, theoretically calculated with high precision (see Table 2 in [8] ). We like to stress that Raman-type processes, mediated by all possible off-resonant couplings, are fully included in the simulations. They also incorporate the effects of laser intensity variation across the spatial beam profile as well as intensity fluctuations. For comparison with the experimental data and scaling of the fast electron signal, the peak intensities of pump and Stokes pulses were fitted in the simulation until the width and form of the simulated spectra matched the experimental data. Comparison with the simulation indicates a peak ionization of 4% of the total population in the system from the target state, which can be deduced from the fitting process with a precision of 1%. This corresponds to 6% of the total population remaining in state 4s 1 S 0 after interaction with the laser pulses. Our simulations indicate that this could be increased to as much as 26%, provided no variation of the laser intensities across the spatial profile and no intensity fluctuations had to be taken into account.
Theory [2, 3] predicts that the maximum transfer efficiency by STIRAP in systems involving continua is far less than 100%, due to dynamic Stark shifts and incoherent losses from the target state induced by the pump laser. However, because techniques based on incoherent excitation via resonant continuum couplings do usually not permit any transfer at all, the STIRAP technique offers an even greater advantage in such environments compared to purely bound state systems.
One might argue that population transfer from the initial to the target state can be mediated not only via coherent interactions involving continuum states but also solely via Raman-type excitations, induced by off-resonant couplings to the manifold of all other states in the system (see Fig. 1 ).
To investigate the influence of such off-resonant Ramantype transitions, we compared the transfer probability for different pulse delays. Figure 3 shows the electron signal from the target state as a function of the pump laser tuning for negative pulse delay (STIRAP) and positive pulse delay   FIG. 2 (color online) . Measured electron signals versus laser tuning of the pump laser in the range of the two-photon resonance for Stokes laser preceding pump laser pulse. The circles and the triangles indicate slow and fast electrons, respectively. The solid lines show numerical simulations. The peak laser intensities are I P 35 MW=cm 2 and I S 60 MW=cm 2 . The pulse delay is ÿ7:5 ns, i.e., Stokes preceding pump pulse. The zero frequency is defined at the maximum value of the fast photoelectrons. According to the numerical simulation, this maximum should be at a static detuning of 0.1 GHz from the two-photon resonance. As the accuracy of the wavelength detection in our experiment is approximately in the same range, we cannot give a precise value of the necessary static detuning.
(only Raman-type transitions). For negative pulse delay there is a maximum in the signal, i.e., population transfer to the target state, whereas for positive delay no enhancement is found. This is confirmed by the simulation, including the calculated [8] and experimentally confirmed [7] Fano parameter q 0:73. The small value for q indicates that the off-resonant Raman-type transitions are weak with respect to the resonant continuum couplings. The simulations show that though also for positive pulse delay the pump laser ionizes some transient (not persistent) population from the target state, this is less than for the same negative pulse delay (STIRAP case). In our experiment the smaller amount of population, ionized for positive pulse delay, completely vanishes in the noise background.
In 
